© ® N o 0 A W N R

R A
N o 0 A W N P O

.
©

STAMET: 4 DTD5 pp. 1-23 (col. figNIL)

Available online at www.sciencedirect.com

sciencE d)mEcw Statistical
@ Methodology

Official Journal of the International
Indian Statistical Association

Statistical Methodology XX (XXXX) XXX—XXX

www.elsever.com/locate/stamet

Probabilistic modeling of percutaneous absorption
for risk-based exposure assessments and transdermal
drug delivery

Clifford K. Ho*

Sandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185, United States

Received 24 December 2003

Abstract

Chemical transport through human skin can play a significant role in human exposure to toxic
chemicals in the workplace, as well as to chemical/biological warfare agents in the battlefield.
The viability of transdermal drug delery also relies on chemical transport processes through the
skin. Models of percutaneous absorption are needed for risk-based exposure assessments and drug-
ddivery analyses, but previous mechanistic models have been largely deterministic. A probabilistic,
transient, thee-phase model of percutaneous absorption of chemicals has been developed to assess
the relative importance of uncertain paramgtand processes that mée important to risk-
based assessments. Penetration routes through the skin that were modeled include the following:
(1) intercellular diffuson through the multiphase stratum geum; (2) aqueous-phase diffusion
through sweat ducts; and (3) oil-phase diffusitmotugh hair follicles. Uncertainty distributions
were developed for the model parameters, and a Monte Carlo analysis was performed to simulate
probability distributions of mass fkes through each of the routes. Sensitivity analyses using stepwise
linear regression were also parited to identify model parameters that were most important to
the simulated mass fluxes at different times. This probabilistic analysis of percutaneous absorption
(PAPA) method has been developed to improve risk-based exposure assessments and transdermal
drug-delivery analyses, where parameters and processes can be highly uncertain.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 1

Modeling chemical transport through human skin (percutaneous absorption) serves
an important role in two primary arenad)(hazardous chemical-exposure assessments
and (2) transdermal drug delivery. In the former, models are used to understand relevant
features and processes of percutaneowsombion so theprotective measures can be s
designed and implemented that minimize the risk of dermal absorption of toxic chemicals
[19,2,6,5,10,128,11]. In the latter arena, researchers are striving to enhance the viability of
transdermal delivery of drugs such as anaigg insulin, and morescently, peptides and s
proteins [L,137]. Transdermal delivery of drugs that require low dosages for long periods
can be more effective, less costly, and lessfph than traditional alternatives such as 1o
injection, intravenous infusion, or oral ingestion. 1

Developing accurate and reliable modelscbemical transport through the skin can 1.
yield information regarding the important features and processes that contribute to the
retardation or enhancement of chemical permeation. Many of the models that have been
considered previously have focused on steady-state Fickian diffusion through the skin
[9,6]. Transient models have been develop&@,T], but simplifying assumptions were 1
made so that analytical solutions could bbtained. In additn, boundary conditions 17
and properties were stylized according to fiedd of application (either for exposure s
assessment or drug delivery). For example, models used for exposure assessments typisally
focus on industrial solvents and other hydrocarbons (e.g., trichloroethylene), which ase
generally lipophilic and hydrophobic. On the other hand, models used in drug-delivery
studies often focus on hydrophilic solutes (i.e., drugs that dissolve in water). These
considerations impact the boundary coralis of the models, as well as the choice of
patitioning coefficients and the layers of skin that are included in the models. The
application-specific models make it diffitio draw general conclusions regarding the s
features and processes that most affect the permeability of particular solutes and solvents.
In addition, models are often used with deterministic property values, which do net
consider the large uncertainty inherent in biological systems and properties. 28

This work reviews previous models of percutaneous transport and identifies important
assumptions and issues relevant to each model. A probabilistic analysis of the percutaneous
absorption (PAPA) method is then developed for applications involving percutaneos
exposure assessment and transdermal drug delivery. In particular, a mechanistic mode} of
transient three-phagercutaneous absorption is developed that is used in conjunction with
probabilistic methods to estimate probabilitysibutions for permeation and chemical s
dose. Uncertainty distributions for model-input parameters are developed, and a Monte
Carlo analysis is péormed using the mechanistic model to quantify the impacts of thes
uncertanties on the simulated results. Sensitivity analyses are also performed to identify
the parameters that are most important to the simulated results. A review of the anatomy
of the skin and the factors that are likely to iegt chemical permeation are provided first, so
followed by a description and discussion of the models and results. 40

2. Anatomy of the skin a

The skin is a complex organ that serves to protect humans from chemical, physical, and
biological intrusion, while retaining moisture and providing thermal regulation. It consists
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Fig. 1. Skin features relevant tonoeitaneous absatipn of chemicals.

of three primary regions: the epidermis, the dermis, and the hypodermiBi(se®. The
epidermis is the outermost layer of the skin in contact with the environment, ranging
between 0.075 and 0.20 mm thick in most regions and between 0.4 and 0.6 mm thick
in the palms and sole4 B]. It consists ofthe stratum corneum, which forms the outermost
layer of the epidermis, and the viable epidermis, which consists of the granular, spinous,
and basal layers. The epidermis does not contain any capillary vasculature, so chemicals
that transport through the epidermis must also transport partially through the dermis to
reach the bloodstream. The cells in the epiderane continually shed to the surface and
replaced from the basal layer. These cells are replaced completely on the average of once
every twoweeks.

The outermost layer of the epidermis, tHeatum corneum, is & primay barrier to
permeation of most drugs and chemicdlg,9]. The stratum corneum is between 10 and
50 um thick (15-20 cell layers thick) and containeat keratinized cells (keratinocytes)
with lipid lamellae filling the intercellular regions. It is composed of a very heterogeneous
structure ontaining approximately 20-40% water, 20% lipids, and 40% keratinized
protein. The keratinocytes, connected together in a planar array by desmosomes, are thin
platelets filled with polar protein strandsowen into @mpact and dense keratin fibers.

The lipids form a continuous, albeit extremely tortuous, intercellular network between the
keratinocytes. The compactness of the keratinocytes and the limited amount of intercellular
lipid results in the low permeability of the stratum corneum.

The underlying dermis contains the vasculature (blood vessels and lymph vessels) that
can uptake chemicals diffusing through thenskihe vasculature can reach to within a few
microns of the undersurface of the epiderniise dermis consists of a moderately dense
network of connective tissue composed of collagen fibers and elastic fibers. It varies in
thickness from 1 to 4 mm depending on the location of the body. Diffusion through this
layer is analogous to diffusion through hydrogelg [

Hair follicles and sweat glands, called skin appendages, break the continuity of the
epidermal and dermal layers throughout most of the surface of the body. On average,
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Fig. 2. Skin permeation routes: (1) intercellular diffusithrough the lipid lamellae; (2) transcellular diffusion
through both the keratinocytes and lipid lamellae; ad)dd{ffusion through appendages (hair follicles and sweat
ducts).

40-100 hair follicles and 210—220 sweat ducts exist per square centimeter of skin,
occupying about 0.1% of the total surface ar&@].[ Hair follicles extend through the -
epidermis into the dermis, where the base of the follicle is well vascularized. Sebaceous
glands attached to the sides of the follicles secrete sebum, a lipid mixture, into the region
between the hair and the sheath. The sweat glands consist of tubes extending from ¢he
dermis, where the tube is coiled and vascizled, to the skin surface where a watery s
mixture (sweat) is excreted to provide thermal regulation. 7

3. Skin permeation routes and previous models 8

Basal on the physiology of the skin, three possible pathways exist for passive transpost
of chemicals through the skin to the vascular netwdrk18]: (1) intercelldar diffusion 1
through the lipid lamellae; (2) transcellular diffusion through both the keratinocytes and
lipid lamellae; and (3) diffusion through appendages (hair follicles and sweat deigts?. 1
illustrates these potential pathways. 13

A number of models have been developed that simulate one or more of these pathways.
Michaels et al. 9] considered the first two modes of transport by modeling the steady-state
behavior of the stratum corneum as a two-phase “brick and mortar” region (the agqueaus
protein phase in the keratinocytes was modeds thebricks and the intedlular lipid 17
phase was modeled as a continuous mortar). They assumed that the transport was thesum
of steady diffusion (1) through the lipid and protein in series and (2) through the lipid
phase via a tortuous path. They estimated tortuositiedD:1) and diffusion coefficients
through the lipid and protein. Experiments were conducted using cadaver skins and several
different drug chemicals. Results showedearpeation dependence on pH (higher pH gave::
a higher flux for the same concentration) and mineral oil/water partition coefficient (larges
patition coefficients yielded greater fluxes). They concluded that the ratio of the lipie
diffusivity to the protein diffusivity (one of the two important parameters in their model}s
was 102102, meaning that the diffusion coefficient for the lipid phase was about 506
times less than the diffusion coefficient for the protein phase, which they estimated to he
about 2x 10~/ cn?/s (from [9]). 2

Flynn [6], however, stated that the density arargpactness of the irdcelldar protein 2
in the keratinocytes of the stratum corneum presents a thermodynamically and kineticady
impossible passageway for chemical tgors. Other recent investigators also supporteda:
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the belief that when comparing evidence for intercellular versus transcellular diffusion,
intercellular diffusion through the lipid lamellae is the predominant mode of transport
[1]. As a result, Flynn §] proposed an alternate “aqueous pore pathway” in parallel (as
opposed to in series) with the lipid pathways through the stratum corneum to represent the
limited intercellular aqueous phase. Although the locations of these aqueous pathways
were uncertain, Flynn included these pa#lys to accommodate the diffusion of polar
compounds. Other researchers have argued a similar phenomenon by considering both
a polar and non-polar pathway through the stratum corneum. Elias (1981) described the
polar pathway in terms of aqueous pores in the small aqueous phase between the lipid
lamellae. Supporting this theory, Coop8&t found that polar molecules such as water and
small ions permeated the skin and that the flux was independent of the oil/water partition
coefficient. As the polarity of the molecdekecreased, the flux became a function of the
patition coefficient [L§].

Results of §] showed that diffusion was a direct function of the octanol/water partition
coefficient, Koy, and moécular weight MW (for a given Ko,,, chemcals with larger
molecular weights exhibited lower diffusion; for a givéfw, chemcals with greater
Kow Yielded more diffusion). The study showedatHarger molecular-weight chemicals
permeated slower in general, but the phase of the vehicle (water or oil) delivering the
chemical was not specified. Scheupleli¥][and Pdts and Guy 13] point out that the
permeability of a chemical depends on the phase of the vehicle. If the molecular weight
is high, indicating a more lipophilic compounthen the permeabilityvill be greater if
the vehicle is a water than an oil sinceesttompound will want to pdition out of the
water andnto the tissue. Flynng] also presented a simple exposure-assessment equation
using the results of his modeling that expressed the cumulative mass entering the skin.
The permeability coefficient was determined from simple equations that were correlated
to experimental results for differer{,,, andMW values. Theequation assumed that the
cumulative mass entering the skin took place after the lag time, which Flynn estimated
could be approximately 10 min fédW < 150 and 1 h foMW > 150.

Scheuplein [16 devebped analytical transient models of percutaneous absorption
considering transport via appendages. ¢denpared transport through appendages with
transport through the intact stratum corneum, which he modeled as two single-phase
regions: (1) the stratum corneum with a thickness ofuf®@and (2) he aqueous viable
epidermis and papillary dermis with a combined thickness of |#80 To detemine the
cumulative amount of chemical transported, he used a composite slab solution (using
resistances in series). From this he concluded that the appendages (follicles and sweat
ducts), which had several orders of magnitude higher diffusion coefficients, allowed greater
transport at early times, but that the bulkastrm corneum would allow greater diffusion
at longer times. To determine concentrations profiles, he used a steady-state solution
to determine the steady concentrations in the two slabs and a semi-infinite solution to
determine the transient condgations in the two slabs. The semi-infinite solution does
not yield a concentration of zero at the boundary of the basal layer, which was inconsistent
with his general formulatiorhut it did provde some relatig conparisons. He also showed
that the partitioning coefficient between the lipid and aqueous regions could also impact
the concentration gradient.
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Kalia and Guy 7] devebped a number of analytical solutions for transient diffusion of 1
drugs through the skin. They treated the skin as a homogeneous slab, but they considered
different scenarios for the deéry vehicle (e.g., patch with a reservoir on top, patch with s
drug dispersed, drug in an ointment, et@hey @ncluded that a unified model that could .
consider the effects of molecular weight and partition coefficients was necessary. 5

Other nodels have been developed that do not consider the specific routes of transpert
through the skin but attempt to describe the general rate of chemical transport through
the skin and/or into the circulatory system using empirical observations and lumped-
capacitance models. These models are generally described as physiologically-based
pharmaco-kinetic models (PBPK). The geslemethod isto correlate existing data to 1o
simple compartment modelsathrepresent the skin and various processes and regions
associated with uptake into the body. Potts and @3y4nd Poett al. [L2] have cevebped =
PBPK models that can predict chemical diffusion and uptake through the skin using
physical properties of the chemical. Potts and GLB] flevebped a model that provides an 1
algorithm to predict permeabilitfom the drug’s physical properties. Multiple regression is
analyses were performed using previous data of the permeability coefficient for differant
chemicals, and the molecular volume and the hydrogen bond activity parameters were
determined to be important. However, this model is only valid when the stratum corneusn
is the rate-limiting barrier to percutaneoabsorption (i.e., for polar compounds). Poet 1
et al. [L2] used a PBPK model to estimate skin permeability values and to predict exhaled
concentrations of trichloroethylene (TCE) when subjects were exposed to TCE. Goad
agreement was obtained between predicted abserved TCE concentrations, but the 2
relative importance of the various featureslgrocesses weraot elucidated. In general, 2
specific routes of permeation that contribute to the overall rate of transport through skin
are not considered in PBPK models. 2

4. Model development 2%

Most of the models of percutaneous absorption that have been developed previously
treat the skin as a homogeneous medium with an effective (average) permeability
coefficient. These include many of the transient analyses (2]parid the PBPK analyses 2
(e.0., L2)). A few models that do consider multiphase heterogeneous transport through
the various layers ahpathvays of the skin often assume steady-state conditions (8,g., [ s
6]). Scheuplein 16] developed models of transient diffusion through different pathways:
in the skin, but deteninistic models were used. In the following sections we develop as
probabilistic, transient, multiphase modélalmemical transport through various routes in s
the skin b address the inherent uncertainties in the processes and parameters associated
with perautaneous absorption. 3

In particular, we consider the following possible pathways: (1) intercellular diffusion;
through the lipids and aqueous “pores” in the stratum corneum (pathwayrig.if); and
(2) diffusion through appendages (hair follicles and sweat ducts) (pathway F8.i8). 39
We do not consider the transcellular pathway @3 keratinocytes and lipids (pathway 4
#2 in Fig. 2) because the evidence presented earlier suggests that diffusion through the
keratnocytes would be extremely small.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

C.K. Ho/ Satistical Methodology xx (Xx<X) Xxx—xxx 7

Fig. 3. Control volume for intercellular chemical diffion through a three-phase region in the stratum corneum:
p = immobile protein phase (keratinocytes)= mobile oil (lipid) phasew = mobile water (aqueous) phase.

4.1. Intercellular diffusion through the stratum corneum

Intercellular diffusion through the stratum corneum is modeled as a three-phase
continuum. The keratinized cells in the stratum corneum are considered to be an immobile
protein phase, which can provide reversible interactions (adsorption and desorption) with
chemicals in the mobile phases. The mobile phases include the lipid (or oil) and aqueous
(water) phases in between the keratinocytes. A differential control volume consisting of
these thee phases is shown kig. 3.

Assuning that Fick’s Law governs the diffusive mass transport through the mobile
regions, a one-dimensional mass balance of a chemical diffusing through this three-phase
region resultsin the following partial differential equation for the concentration as a
function d time, t [s], and penetration diance nto the skinx [m]:

%(Cofﬁo + Cw¢w + Cp¢p) & f;iX <DOTO¢OZ—C):(O + Dwﬁu‘pw%) (1)

whereC is the concentration of the chéral present in the phase [km3-phase]:Do, D.,
and Dp, are the matcular diffusion coefficients for the oil, water, and protein phases,
respectively [M/s]; ¢ is the porosity ofa givenphase [M-phas¢gm?3-total]; ¢ is the
tortuosity coefficient (inverse of tortuosity) that expresses the ratio of the linear path length
to actual path legth; subscripb denotes the oil (or lipid) phase; subscriptdenotes the
water (or @ueous) phase; and subschptienotes the prote (or keratinized cell) phase.

We assume that local equilibrium exists and that partitioning between the three phases
can be expressed using the following linear relationships:

CO =X KOwa (2)
Cw == Kprp (3)
Co == KopCp (4)

whereK is the partitioning coefficient of the phases denoted by the subscripts. Because the
protein phase is hydrophili@], we also assume that the water—protein partition coefficient

is near unity(K,,p = 1). Therdore, the water and protein concentrations are equivalent
(i.e.,Cy = Cp) andthe oil-protein partition coefficienk op, is equivalentto the oil-water
patition coefficient, Ky, (often referred to as the octanol-water partition coefficient).
The octanol-water partition coefficient is used widely as a measure of polarity in organic
chemistry B]. Using these ssumptions, we can then rewrite Efj) in terms ofthe water
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concentration as follows: 1
9Cyw _ Dsc 02Cy )

9t R 0X2 2
where 3
Dsc = D07:0¢0 Kow + D wTwPw (6) 4

Rsc = K0w¢0 + ¢w + ¢p (7) 5

D is the df ective diffusion coefficient of the three-phase stratum corneum continuum and
Rsc is the retardation factor of the three-phase stratum corneum continuum. The boundary

and initial conditions for Eq.5) are written as follows: 8
Cu(0,t) =C? ®
Cw(LSC7 t) =0 (9) 10
Cuw(x,0)=0. (10) 11

Eqg. ) assumes that the sade of the stratum corneurs maintined at a constant 1
concentrationC?, in the ajueous phase. Edb)(assumes that at a distantg; from the 1
suface, capillaries are present that have effety zero concentration due to a continuous 1.
advective flow in the bloodstream (this also assumes that the aqueous region just beneath
the stratum corneum in theable epidermis and dermis does not contribute significantlyis
to the overall resistance of chemical transport). Finally, B@) éssumes that the initial 1
concentration in the stratum corneum is zero. 18
The solution to Eqs.5)—(10), which yields the aqueou®ncentréion as a function of 1
time and location in the skin, is presented 4 pp. 49-51] and can be written in non- 2

dimensional form as follows: 21
Cu X . nox DSLZ”Zt
_:1____ sin e Rxlik | 11
CS} Lsc Zl LSC ( ) 22
The mass flux into the blood stream (dos#Y,[kg/m? s], can be calculated using Fick’s 2
Law at the downstream boundary of the stratum corneumxi.€. Lsc): 2
2_2
dCy DscC, — b z :
SC X x=Lsc I—SC nzl 25
In addition, the cumulative amount of mass (per unit area) diffusing into the blood stream
(cumulative dose)Q [kg/m?], can be expressed as follows: 27
t DscCOot  LgcCPR
_ . dt = scyt  Lscloy Rsc
QSC A SC LSC 6 28
2,2
2LscCY Rse o (=D Lot
i > e fh (13)
n=1 29

The expressions for both the mass flin,;, and cumultive dose Qsc, can be readily non-
dimensionalized. Finally, the time requireat the system to reach steady-state conditions;:
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appendage

AN NN

| ‘ -

e X + dx

Fig. 4. Control volume for diffusion through an appendéggeeat duct or hair follicle). Diffusion is assumed to
occur through a single-phase fluid in the appendage.

td. [s], can be approximated by the following expression adapted fdom p1]:

L2.Rsc

tS. ~ 0.45
SC DSC

(14)

4.2. Diffusion through sweat ducts

Chemical permeation through sweat ducts is modeled as a single-phase aqueous
diffugon process. A control volume consisting of a sweat duct (or hair follicle) in a larger
continuum is shown ifrig. 4. For simplicity, the region around the sweat duct is assumed
to be impermeable (no interactions), and the sweat duct is assumed to be filled with water.
The region around the sweat duct is included in the control volume to represent a larger
unit area of skin for normalization with the other transport pathways.

A mass balance of a chemical species diffusing through this control volume can be
written as follows:

dCs  Ds 92Cs

S _ 57 5 15

ot Rs 9x2 (15)
where

Ds = Dy tshs (16)

Rs S ¢s (17)

where the gbscripts denotes the sweat duct. Note that the porosity of the sweatgljct,
represents the fractional area that the svdemts occupy per unit area of skin. It depends

on both the density of sweat ducts and the area available for diffusion within each sweat
duct. The boundary and initial conditions for Eq5) are the same abdse expressed in

Egs. 8)—(10) with Cs replacingC,,. The ®nstant aqueous concentration on the surface of
the sweat duct is assuchéo be the same as therstant aqueous concentration applied

to the surfaceof the skin,C?, in Eq. @). In addition, tle digance between the surface

of the sweat duct and the location where tthemeal is carried into the blood stream

is denoted asLs. The soltions for the normalized concentration, the mass flux into the
bloodstream, the cumulative mass, and tinge to reach steady state are expressed as
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follows for chemical transport in the sweat duct: 1
C X 2 1 . nmx D’z
—=1-—-=> " Zsin T2 e ReiZ (18)
Cw LS T n—1 n Ls 2
22,
9Cs ~ DsC? — Dt
m/ = —Dg —> =—"v(142 ( e RLE (19)
2.2
DsCOot  LsCORs 2LsCORs (—1)n — Dttt
=TT T w2 Z 2 e (20)
s n=1 4
L2R
t0 ~ 0.45 B °. 1)
S
4.3. Diffusion through hair follicles 6

Diffusion through hair follicles is modeledhia similar fashion as diffusion through -
sweat ducts. The primary difference is that the follicle is assumed to be filled with an
oil phase instead of an aqueous phase. Using the control volume shéwn #h a mass o
balance on a chemical species diffusihgough the oil phase in the follicle can then be 1
expressed as follows: 1

dCt Dt 9°Cy 22)

ot Rf 8X2 12
where 13
Dt = Dot g (23) 14
Ri = ¢+ (24) 15

where the sbscript f denotes the hair follicle. The porosity of the hair follicle, 16
¢+, represents the fractional area that the follicles occupy per unit area of skin. it
dependson both the densty of follicles and the available area for diffusion within each 1s
follicle. The boundary condition at the surface the hair follicle is §ightly different 1
than the corresponding boundary conditiafsthe stratum corneum and sweat duct
because the follicle concentration is written in terms of the oil phase. Assuming local
equilibrium between the aqueous concatitm at the surface boundary of the skin and 2
the concentration in the oil phase at thefaae of the follicle, the boundary and initial 2

conditions for the follicle can be written as follows: 2
Ci(0,1) = KOwC,?, (25) 25
Ci(Ls,t) =0 (26) 26
Ci(x,00=0. (27) 27

The distance between the surface of the follicle and the location where the chemigal
is carried into the bloodstream is denoted lag. The soltions for the normalized 2
concentration, the mass flux into the bloodstream, the cumulative mass, and the timeoto
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reach steady state are expressed as follows for chemical transport in the hair follicle:

c 2 00 1 Dfnzﬂzl
X NTX ~"RriL2
f _q_*_% < Le RfL% (28)
Kowcg L T 1 n L
e Dt KowC? x Pt
1 f f Row'y n, Ril3
- _p; =1 =——2|14+2) (D" " (29)
f
o o o 00 n _Dfnznzt
Qf _ D+ Kowcwt . L+ KOwaRf . 2L ¢ KOu;Cw Rt Z (_]2-) e Rszf (30)
L¢ 6 T = n
L% R¢
t9 ~ 0.45 : (31)
Dt

It is important to note that the expressions for the mass flux into the bloodstream in
the above solutions use an effective diffusicoefficient preceding the concentration
gradient term. The effective diffusion coefficient accounts for the reduced area of the
appendages per unit area of skin, as well as the reduced area for diffusion caused by
phase interference in the three-phase stratomeum. However, the coefficient preceding

the second derivative in the diffion equation is expressed by thratio of the effective
diffusion coefficient and the retardation factor, which yields the “diffusivity” for the
diffusion equation that appears in the exponent term of the solutions.

4.4. Uncertainty distributions of input parameters

The parameters that are used in the solutions presented above can be highly uncertain.
As a result, distributions of values wee assigned to each of the input parameters
udng parameter values available in the literature to capture the inherent uncertainty. If
insuficient data existed to define a distribution for a parameter, professional judgment
was usedd assign a distribution for that parameter based on the available values. For
exampe, values of the aqueous-phase porosity in the stratum corneum were reported
as 15% in 1] and 40% in [9]. Because insufficient data were available to define an
appropriate distribution, a uniform distribution using these bounding values was assumed.
Therefore, a number of distributions Trable 1utilize a uniform distribution when only
bounding values were available. A Monte Carlo analysis was then performed to obtain
a probabilistic distribution of results using the derived solutiof@ble 1 sunmarizes
the stochastic variables and associated uncertainty distributions that were used in this
study.

All of the stochastic input parameters wassumed to be independent. Although one
might intuitively expect that the octanol-water partition coefficieidt,,, and aueous
boundary-condition concentian (aqueous solubility)C2, might be correlated, we did
not assume any correlation between the input parameters (limited data9yeopport
this assumption for the oil-water partition coefficient and the water solubility).
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Table 1
Stochastic vadbles and their uncertainty distributions
Stochastic  Units Distribution Median Description References
variable valué
uniform ii-oh ity in th
bo - lower bound: 0.15 0.18 ot-phase porosity in the 1
stratum orneum
upper bound: 0.20
uniform h ity i
b - lower bound: 0.15 0.27 4queous-phase Porosity in 1,
the stratum corneum
upper bound: 0.40
uniform tein-ph ity i
op - lower bound: 0.35 0.38 protein-phase porosity in 1,
the stratum corneum
upper bound: 0.40
log uniform fractional aea of sveat
bs - lower bound: 3 x 107> 45x 10~4  ducts per unit area of skin 3
upper bound: 8 x 103 (sweat duct porosity)
uniform fractional area of hair
X - lower bound: 15 x 1073 2.8 x 1073 follicles per unit area of 3
upper bound: B x 10~3 skin (follicle porosity)
log uniform oil-phase tortuosity
T - lower bound: 0.01 0.034 coefficient in stratum 1
upper bound: 0.1 corneum
log uniform aqueous-phase tortuosity
Tw - lower bound: 0.001 3x10°3 coefficient in stratum
upper bound: 0.01 corneum
uniform t duct tortuosit
Ts - lower bound: 0.1 0.56 sweat duct fortuosity N/A
coefficient
upper bound: 1.0
urgorm hair follicle tortuosit
T - lower bound: 0.1 0.52 alr ouie @ foruosty N/A
coefficient
upper bound: 1.0
log uniform molecular diffusion
Dw m2/s  lower bound: 1010 32 x 10710 coefficient in aqueous 5
upper bound: 10° phase
log uniform lecular diffusi
Do m2/s  lower bound: 1011 32 x 10-11 Mmoecuiar diiusion 6
10 coefficient in oil phase
upper bound: 10
log normal octanol-water partition
a ) —w, iti 7
Kow mean lodKoy): 2.0 8.8 coefficient
st. dev. logKoy): 1.4
log uniform fixed aqueous
co kg/m3 lower bound: 0.003 2.0 concentration at the skin 1.8

upper bound: 800

surface (aqueous
sdubility limit)
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Table 1 ¢ontinued)

Stochastic Units  Distribution Median Description References
variable valué

log uniform .

. 6 5 thickness of the stratum 9

Lsc m lower bound: 5x 10 59 x 10~ corneum

upper bound: 6« 10~

uniform
Ls m lower bound: 2x 1004 3.1 x 1074  length of the sweat duct ~ 1,10

upper bound: 4« 10~4

uniform
L¢ m lower bound: 2x 1074 3.1 x 1074  length of hair follicle 1,10

upper bound: &« 10~

*The median &lue is calculated from distributions generated by Matffead

1[9].

2[1].

3[1€].

4The agueous-phase “pores” in the stratum corneum arenagbto have tortuosity-coefficient bounds that are
an order of magnitude less than the oil-phase tortuosity coefficient in the stratum corneum.

5[14]; representative values were taken for solutes diffusing through water.

6The bounds for the molecular diffusion coefficient in the oil phase are assumed to be an order of magnitude
less than the bounds for the aqueous phase.

716].

8Water solubilities of various compounds were used fr@n [

9[18].

10The dstribution is assumed to be equal to the distribution of thicknesses between the skin surface and capillary

bed.

5. Resultsand discussion

A Monte Carlo analysis was performed using Mati®zdo obtin a probabilistic
distribution of results using the derived #ti&cal solutions and stochastic parameters.
Uncertainty distributions listed infable 1 were geerated in Mathce@?, and the
corresponding median values are reported in the table. A chemical was assumed to be
applied to the surface of the skin at time zero, and the transient concentration distribution
and mass flux into the bloodstream were determined. Five hundred realizations were
simulated to capture the uncertainty propagated by the sixteen stochastic input variables.
Sensitivity analyses using more realizationgeiaed that 500 realizations were sufficient.

5.1. Modeling results

For brevty, only a subset of the solutions presented in the previous section are used to
illustrate the probabilistic alysis. The time required to reach steady-state conditions and
the mass flux for each of the penetratioutes are examined in detail heFgg. 5 shows
the distribution of times required to reacleatly state for each of the three permeation
routes. The median times to reach steady state are 4 min, 24 min, and 48 min for diffusion
through the sweat duct, stratum corneum, andfodlicle, respectivey. The distributions
of steady-state times for transport through the sweat duct and hair follicle each span about
two orders of magitude. The difference between the distributions of steady-state times
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Fig. 5. Cumulative probability distribution of times required to reach steady state for chemical diffusion through
three permeation routes of the skin using 500 realizations.

for the sweat duct and hair follicle is about an order of magnitude, where the sweat duct
generally reaches steady state faster. Thmamy reason for the difference is that the -
molecular diffusion coefficient for the oil phase in the hair follicle was assumed to be
about an order of magnitude less than the molecular diffusion coefficient for water, which
comprises the sweat ducts. The results for the stratum corneum span nearly five orders of
magnitude. The effective diffusion coefficient for the three-phase stratum corneum depends
on a number of additional stochastic parametked contribute additional uncertainty to -
the results. 8
The mass flux into the bloodstream for eachhef three permeation routes is calculated
at two different times: 60 s and 1 h. At 60(s0.02 h), Fig. 5 shows that rost of the 1
realizations for each permeation route are still in an early transient state; at 1 h, mast
of the redizations (>50%) for each of the permeation routes have reached a steady-
state condition. By evaluating the mass flux into the bloodstream at these two times, we
intend to glean information regarding the rmosportant pathways and parameters during s
both early-time transient diffusion as well as long-term diffusion when the pathways are
approaching steady state. 16
Fig. 6shows the cumulative distribution function for the mass flux into the bloodstream,.
m’, for each of the three permeation routes at 60 s. The units of mass flux used in the plot
are nanograms per square centimeter per hoyfcing h] where 1 ng= 10-9 g. At this 19
early transient time period, many of the realions for diffusion through the hair follicle 2
and stratum corneum result in negligible mass flux at the lower boundary (bloodstream)of
the modeled domain; however, the spread 8uts is significant, and values reach as high 2
as 1@ and 1& ng/cn? h for the hair follicle and stratum corneum, respectively. For thez
majority of realizations at this early time, the mass flux through the sweat duct is greatest,
but the stratumarneum also plays a dominant role in nearly 40% of the realizations. 2
Fig. 7shows the cumulative distribution function for the mass flux into the bloodstreamss
m’, & 1 h. At 1 h, many of the realizations have reached steady state-{geB), and =
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Fig. 6. Cumulative probability distribution of mass fluxarthe bloodstream at 60 s for chemical diffusion through
three permeation routes of the skin using 500 realizations.

the spread in mass-flux values is signifitameduced for each of the three permeation
routes. The distribution of results for the three-phase stratum corneum exhibits the most
uncertainty, primarily becae the model relies on the largest number of stochastic
variables corpared to the other permeation routes. In general, the mass flux into the
bloodstream at 1 h is greatest in the stratum corneum, followed by the mass flux from the
hair follicle and sweat duct. Recall that the mass flux into the bloodstream from the hair
follicle at early times was significantly less than the mass flux from the sweat duct because
of the lower molecular diffusion coefficient in the oil phase of the hair follicle. However,
the fractional area of hair follicles per unit area of skin is significantly greater than the
fractional area of sweat ducts (s&able ). Therefore, after an hour (when sufficient time
had elapsed for steady-state conditions to be approached), the larger fractional area of hair
follicles allowed more mass to difse into the bloodstream penit area of skin. Similarly,

as steady-state diffusion was approachethastratum corneum at 1 h, the large surface
area allowed relatively more mass to diffuse into the bloodstream. At later times, when
more of the realizations would achieve stgadae in the stratum corneum, we would
expect that the mass flux in the bloodstream would be dominated by the stratum corneum.

5.1.1. Comparison to empirical results

Finally, the distributions of total mass flux into the bloodstream from the three
permedion routesat 60 s and 1 h are plotted iRig. 8 Theuncerténty is reduced at 1 h
relative to at 60 s because as time progresedssteady-state conditions are approached,
the solutons depend on fewer stochastic parameters. It is interesting to compare the
resulting distributions with required dosages of various drugs reported in the literature.
Amsden and Goosed]report that the required adult dosage for various peptides can range
from 2 to 4ug/day for vasopressin (an antidiuretic hormone that regulates the excretion
of body water through urine) te-3,000ug/day for insulin (a hormone used to convert
sugar to energy). Assuming that a transdermal patch covers approximately? 1 skin,
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Fig. 7. Cumulative probability distribution of mass fluxarthe bloodstream at 1 h for chemical diffusion through
three permeation routes of the skin using 500 realizations.
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Fig. 8. Cumulative probability distribution of total maffisx into the bloodstream (sum of stratum corneum, sweat
duct, and hair follicle) at 60 s and 1 h using 500 realizations.

the required average mass flux into the bloodstream would be approximately &8ty 1
for vasopressin and.3 x 10* ng/cm? h for insulin. Fig. 8 shows that the probabilities -
of obtaining the required mass fluxes for vasopressin and insulin at 60 s after applicatien
of the transdermal patch is about 75% and 35%, respectively, using the assumed input
distributions in this model. At 1 h, the probabilities increase to 95% and 55%, respectively.
It is important to note, howevethat the values derived in this model are based on general
input values that are intended to capture a large range of uncertainty for percutaneous
absorption. Using properties specific to these two drugs (e.g., water solubility, partition
coefficients, etc.) in the model will reduce the uncertainty in the results. 9
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5.2. Sensitivity analyses

Analyses can be performed to detgne the sensitivity of the dependent variables (e.g.,
mass flux into the bloodstream) to the stodltamydependent variables (e.g., thickness
of the stratum corneum, length of the sweat duct, etc.). A stepwise linear regression is a
modified version of multiple regression thatesgively adds input p@meters (independent
variables}o the regression model in successive stdjhe stepwise poess continues until
no more variables with a significant effect on the dependent variable are found. The order of
parameter selection for incorporation into tiegression model gives an indication of their
relaive importance. The change ingteoefficent of determinatiofA R2) for a given step
indicates the fraction of the variance in the model output explained by the input parameter
added in that step.

In order to implement a linear regression, a rank transformation (assigning the smallest
value of a given vaable a value of 1thenext largest value of a given variable a value
of 2, and so on) of independent and depemderiables is required and is generally
used to compensate for potential non-linear relationships in the stepwise linear regression
method for complex model results. Rank transformation essentially allows regression on
the drength of the monotonic relationship, instead of the strength of the linear relationship
between independent and dependent variables. This stepwise linear regression method
provides insight into the relationship between uncertainty in input parameters and the
uncertainty in modeling results for complex probabilistic models. In addition, this method
provides a quantitative basis for prioritizithe importance of relevant input parameters
and pr@esses.

A stepwse linear-regression analysis was performed using Statistica 6.0 on the
results of the total mass flux into the bloodstream at 60 s and FEid. & shows the
resuts of the simulated total mass fluxTable 2 lists the key parameters that were
identified at 60 s and 1 h and their corresponding incremental contributioR8) to
the coefficients of determinatiofR?). Also shown arehe semi-paial correlations for
each parameter. The semi-partial cortiela is a measure of the proportion of (unique)
variance accounted for by the parameter relative to the total variance of the output variable
after controlling for the other input parameteffie semi-partial correlation is similar to
the incremental coefficientd determination, but the sign of the semi-partial correlation
indicates whether the corrélan is positive or negative. Parameters with incremental
coefficients of determination gater than 0.005 are presented.

At 60 s, the total mass flux is most sensitive to the aqueous solubility Bfiitwhich
was wsd as the upper boundary condition for the concentration in the skin. Based on the
incremental coefficient of determinationigiparameter accounts for 38% of the variability
in the results, with larger values resulting in larger mass fluxes. The thickness of the
stratum corneum is also important, with nearly 32% of the variability in the simulated
mass flux explained by this parameter. As indéchby the negative sign of the semi-partial
correlation for this parameter, there is an inverse relationship between the thickness of the
stratum corneum and the simulated total mass flux into the bloodstream (i.e., the thicker the
stratum coneum, the lower the mass flux). The aqueous molecular diffusion coefficient and
parameters associated with the sweat duct @edixt mosimportant parameters, followed
by the oil-phase molecular diffusion coefficient, the octanol-water partition coefficient,
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Table 2
Summary of parameters important to the simulated total mass flux into the bloodstream at two different times
based on stepwise linear-regression analysis

Step Vaiable R? AR? Semi-patial correlation
60s

1 agueous solubility limit 0.382 0.382 0.608

2 thickness of stratum corneum 0.701 0.319 —0.581

3 agueous molecular diff. coefficient 0.727 0.026 0.172

4 sweat-duct porosity 0.751 0.024 0.151

5 sweat-duct tortuosity coefficient 0.770 0.019 0.131

6 oil mdecular diffusion coefficient 0.786 0.016 0.121

7 octanol-water partition coefficient 0.800 0.014 0.113

8 oil tortuosity coefficient 0.807 0.007 0.087
1h

1 agueous solubility limit 0.747 0.747 0.846

2 thickness of stratum corneum 0.875 0.128 —0.376

3 octanol-water partition coefficient 0.919 0.045 0.203

4 oil mdecular diffusion coefficient 0.939 0.019 0.131

5 oil tortuosity coefficient 0.948 0.009 0.103

SeeTable 1for a list of all input parameters and their distributions.

and the oil-phase tortuosity coefficient. In total, 81% of the variability in the output is:
explained using the multiple regression model with these eight key parameters (the top five
or six parameters could be usedmwnearly the same confidence). 3
At1 h, nearly 95% of the total variability in .hdmulated mass flux into the bloodstream 4
can be explained by five key parameters. The two mostimportant parameter are the aqueous
solubility and the thickness of the stratum corneum, similar to the results at 60 s. However,
the next three mostimportant parameters are associated with transport through the oil phase
in the hair follicle. As explained earlier, at 1 h, more realizations have reached steady state,
and the larger number of hair follicles (follicle porosity) relative to the number of sweat
ducts (sweat duct porosity) allows a greater simulated mass flux into the bloodstream when
compared to earlier transient times when many of the realizations had not yet allowed mass
to reach the bottom boundary. 12
Fig. 9provides a graphical terpretation of the results of the stepwise linear regressions
using the simulated total mass flux into the bloodstream as the dependent variable. It shauld
be noted that although the results show thersjest sensitivity to aqueous solubility limit, s
which was used as the aqueous-phase skin concentration at the upper boundary ofi¢he
simulated domais, the distribution assigned to this parametefable 1spans over five
orders of magnitude. The range was taken from a variety of chemicals that were reported
in the literature to capture the full uncertainty distribution for various chemicals. If the
chemical of interest is prescribed or known, this parameter (or an analogous form of it, i.e.,
the vehicle-tissue partition coefficient pér7]) will likely exhibit a much smaller range of =
uncertainty. The resulting sensitivity to this parameter, while still significant, may therefore
be reduced if the chemical is prescribed a priori. 23
Another note of interest regarding the sensitivity analysis is that the molecular
diffusion coefficients for water and oil depend on a number of additional parametess
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Fig. 9. Results of stepwise linear regression analysisvsty thedependence of the total mass flux (sum of mass
flux through stratum corneum, sweat duct, and hair follide key independent stochastic parameters at two
different times.

suchas the molecular weight of the diffusing species, temperature, viscosity, etc. The
molecular weight (or molecular volume) afchemeal has been identified as an important
parameter impaing percutaneous absorptiof13]. If a functional relationship between

the molecular diffusion coefficient and thgsarameters had been used (see, for example,
[14]), uncertainty distributions could have been assigned to these additional parameters in
lieu of thediffusion coefficient to identify the tative importance ofttese parameters on
percutaneous absorption.

5.3. Discussion

The foregoing analyses and results have illustrated significant features and benefits of
a probabilistic assessment of percutaneous absorption. In particular, the ability to quantify
the uncertainty associated with a specific model and to identify the parameters most
important to the simulated results can benefit studies ranging from risk-based exposure
assessments to transdermal drug delivery.

5.3.1. Implicationsfor exposure assessment

The United States Environmental Protection Agency produced a comprehensive report
describing the principles and applications of dermal exposure asses&hdritd report
summarizes the mechanisms of dermal absorp techniques for measuring dermal
absorption, and mathematical models available at the time for dermal absorption and
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risk assessment. The purpose of this report was to provide exposure assessors withithe
knowledge and tools required to evaluate dose and subsequent health risks associated
with dermal exposure at waste disposal sites or contaminated soils where contaminants
could reside in soil, air, and water. The report stated that exposure and risk assessment
associated with dermal contact remains the least well understood of the major expossre
routes (relative to ingestion and inhatat) because considedabuncertainty exists

in the parameters and processes associaiéitl dermal absorptin. Strangely, all of
the mechanistic models presented in the report are deterministic in nature; none of
them provide a quantification of uncertainty or sensitivity analyses of the mechanisms
and parameters associated with percatars absorption. We believe that the use ofio
probabilistic analyses that incorporate inherent uncertainty in the model parameters and
processes will yield more useful and meaningful results when determining and reporting
health risks associated with dermal absorption. 13

5.3.2. Implicationsfor transdermal drug delivery 14
One of the significant problems of transdermal drug delivery is the ability to delives
suficient doses of a particular drug through the skin. Several methods have been developed
to augment the passive diffusion of water-soluble drugs such as peptides and proteins

through the skin]], and these are briefly summarized below: 18

e Prodrugs: Lipophilic groups are covalently bondedto functional groups of the drug 1
to improve partitioning into the intercellular lipid lamellae of the stratum corneumszo
Enzymes detach the lipophilic groups in vivo, rendering them free and active. However,
prodrugs have molecular size restrictions and require synthesis. 2

e Chemical permeation enhancers: Compounds exist that altelne skin as a permeability 2
barrier. Known permeation enhancers include solvents and surfactants; however, the
physical basis for the method of enhancement is still unknown. No general theory of
chemical enhancemehas keen provided. 2%

e lontophoresis. An iontophoretic device consists of two electrodes immersed in aw
electrolyte solution and placed on the skin. &ran electric currentis applied across the 2
electrodes, an electric field iseated across the stratum corneum that drives the delivery
of ionized drugs. The primary route of ion transport appears to be through hair follicles
or sweat glands, although additional uncer@zathways may be created. This method is a:
restricted to shafterm delivery. a2

o Electroporation: Electroporation involves the application of high-voltage electric pulsess
to increase the permeation through lipid bilayers. This differs from iontophoresis in
the duration and intensity of the application of electrical current (iontophoresis uses
a rehtively constant low-voltage electric field). The high-voltage electric pulse ofs
electroporation is believed to induce a reible formation ofhydrophilic pores in the =
lipid lamellae membranes that can providaigh degree of permeation enhancement,ss
but the physics and dynamics of this process are not completely understood. This method
is restricted to short-term delivery. 40

e Ultrasound: Ultrasound applies sound waves having a frequency greater than 16 kkiz
to the Kin, which causes compression and expansion of the tissue through which the
sound waves travel. The resulting pressure variations cause a number of processes (8.9.,
cavitation, mixing, increase in temperature) that may increase the permeation of drugs.
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Again, the exact processes and physics have not yet been determined, and this method
is restricted to short-term delivery.

In all of these methods, significant uncertainty exists regarding the processes and
parameters that truly cause enhanced permeation. Probabilistic simulations and sensitivity
analyses coupled with mechanistic modelgaé€h of these processes can help to identify
the most likely processes and parameters theasgnificant to drug-delivery enhancement.

Finally, an additional uncertainty that has not been explicitly discussed in this paper
is the potential for the chemical at the skin surface to exist as a mixture of different
substances. Solubility, partitioning coefficients, and transport characteristics of the bulk
fluid can vary depending on the composition of the chemical mixture. Because this analysis
has evaluated parameter urta@nty by including a wide rangef chemicals, the relative
importance of individual parameters idergdiin this study should still be valid if the bulk
properties of the chemical mixture are within the range of the property distributions used
in this study. More rigorous analyses could be conducted by developing specific parameter
distributions for specific chemicals or mixtures of chemicals and conducting a similar
probéhilistic analysis as described in this paper.

6. Conclusions

Percutaneous absorption plays an important role in applications dealing with exposure
assessment and transdermal drug delivery. Unfortunately, previous models have focused
on deterministic, steady-state, homogeneous systems when evaluating chemical transport
through the skin. In this study, a probabilistignisient, three-phase model of percutaneous
absorption has been developed to assess the relative importance of uncertain parameters
and processes. Penetration routes through the skin that were modeled include the
following: (1) intercellular diffusion through the stratum corneum comprised of an
immobile potein phase, a mobile aqueous (water) phase, and a mobile oil (lipid) phase;
(2) aqueous-phase diffusion through sweat ducts; and (3) oil-phase diffusion through hair
follicles. Uncertainty distributions were assigned to model parameters and a probabilistic
Monte Carlo analysis was performed to siate a distribution of mass fluxes through each
of the routes. Results indicated that at edirtyes, before steadgtate onditions had been
established, transport through the sweat ducts provided a significant amount of mass flux
into the bloodstream. Becausetb& uncertainty in the input parameters, a large range of
mass fluxes were simulated through each eftiree routes at this early time. At longer
times (1 h), when many of the realizationgdhr@ached steady state, the uncertainty was
reduced, and the relative importance of the pathways had changed. Diffusion through the
stratum corneum became important because efekatively large surface area. Similarly,
despite the lower oil-phase molecular diffusion coefficient of the hair follicles, diffusion
through the hair follicles was more signifidahan diffusion through the sweat ducts at
later times because of the larger simulated porosity of hair follicles.

Sensitivity analyses were also performedhgsa stepwise linear-regression analysis.
Parametes that were most iportant to the simulated mass flux were identified, and
the relative importance of each parantetgas quantified through the incremental
coefficients of determination and semi-partial correlations {@®8e J. These analyses
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were found to be extremely useful in not only quantifying the uncertainty in the simulated
output variables, but also identifying the input parameters that were most important
to the simulated results. These prolligbic methods can provide more meaningful s
interpretations of exposure assessments and risk regarding dermal uptake of contaminants.
In addition, new methods of enhancing trdeemal drug delivery (e.g., ultrasound, s
electroporation, etc.) have a great deal of uncertainty surrounding the physical processes
associated with these methods. Mechanisticlels of multiphase, heterogeneous transport -
through the skin coupled with probabilistic agsis can shed additional insight into s
how these methods can be improved through identification and refinement of important
parameters and processes. 10
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